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Abstract Explosions in confined spaces lead to compli-
cated patterns of shock wave reflection and interactions
which are best investigated by use of experimental tests or
numerical simulations. This paper describes the design and
outcome of a series of experiments using a test cell to mea-
sure the pressures experienced when structures were placed
inside to alter the propagation of shock waves, utilising quar-
ter symmetry to reduce the size of the required test cell and
charge. An 80 g charge of PE4 (a conventional RDX-based
plastic explosive) was placed at half height in one corner
of the test cell, which represents the centre of a rectangu-
lar enclosure when symmetry is taken into consideration.
Steel cylinders and rectangular baffles were placed within
the test cell at various locations. Good reproducibility was
found between repeated tests in three different arrangements,
in terms of both the recorded pressure data and the calculated
cumulative impulse. The presence of baffles within the test
cell made a small difference to the pressures and cumula-
tive impulse experienced compared to tests with no baffles
present; however, the number and spacing of baffles was seen
to make minimal difference to the experienced pressures and
no noticeable difference to the cumulative impulse history.
The paper presents useful experimental data that may be used
for three-dimensional code validation.
Communicated by C. Needham and G. Ciccarelli.
B T. Anthistle
tom.anthistle@gmail.com
D. I. Fletcher
D.I.Fletcher@Sheffield.ac.uk
1 Department of Mechanical Engineering, University of
Sheffield, Mappin Street, Sheffield S1 3JD, UK
2 Department of Civil and Structural Engineering, University of
Sheffield, Mappin Street, Sheffield S1 3JD, UK
Keywords Confined explosion · Shock reflection · Quarter
symmetry experiments · Rigid baffles
1 Introduction
The behaviour of shock waves within structures is of inter-
est to engineers in many fields, particularly to those looking
at the design of structures that may be subject to an inter-
nal explosion. The origin of the current work is the question
of whether the internal design of a rail vehicle can bene-
ficially change outcomes for passengers in the event of a
terrorist attack, but is framed here in more general terms that
are more widely applicable. Particular geometrical features
within an enclosure (e.g., a rail vehicle) may act to focus
reflected shocks, or shield a particular area from exposure to
shock waves. This can have important consequences for both
physical structures and any persons present inside. Numeri-
cal models are increasingly used to predict the behaviour of
shock waves in complex environments as well as the effects
that shockwaves have on structureswithin an enclosure using
coupled solutions for the structural dynamics and the fluid
behaviour. These models are useful where experiments are
too costly, complex or time consuming, but it is important
that models are validated against experimental data.
The experimental testing presented here was undertaken
with a number of aims in mind: first, to generate data for
validation of numerical modelling [1]; secondly, to develop
an experimental method using quarter symmetry and scal-
ing to reduce the test and charge size needed, increasing the
number of configurations which could be tested in a given
time and cost; thirdly, to understand the effect of changes in
enclosure geometry on measured pressure and impulse; and
lastly to generate data showing the consistency of output from
high explosive detonations in confined spaces that can pro-
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vide the basis for future validations of a variety of prediction
tools.
There have been a number of investigations concerning the
detonation of high explosives in confined spaces, although
very little relates directly to rail vehicles. Work has been
done to quantify how tunnels alter the behaviour of shock
waves. This includes the effects of branching in tunnels [2],
as well as the effects of wall roughness elements [3,4]. Smith
et al. [3] used scaled (1:30) experiments to investigate how
altering the size and number of roughness elements along a
tunnel alters the pressure history. The work concludes that
roughness could offer a means of protecting a structure when
placed between a sensitive structure and the point of deto-
nation. Work by Neuscamman [5] and Pope [6] indicates
that secondary combustion or “afterburn” can be responsi-
ble for some of the overpressure experienced in confined
tunnels.
Smith et al. used small-scale models of both tunnel
networks [3] and cuboidal geometries [7] to demonstrate
the applicability of scaling to confined blast loads. Sauvan
et al. [8] conducted scaled experiments using a four-wall
enclosure and propane–oxygen mixtures, while Togashi et
al. [9] conducted experiments and numerical models of
a variety of explosive materials in linked rooms to val-
idate numerical modelling of afterburning energy. They
found that afterburn changed the pattern of shock reflec-
tion and increased the cumulative impulse. Looking more
widely than just tunnels, Keenan [10] provided curves for
the pressures experienced inside and outside cubicles of
different size and number of walls, primarily to aid the
design of weapons storage facilities. Wu et al. [11] inves-
tigated confined explosions in a full-scale blast chamber,
using a variety of charge shapes and positions. Edri et al.
[12] carried out experiments on a single room using TNT
charges at a variety of masses, identifying some discrep-
ancies between empirical prediction tools and experimental
data.
The work presented here aims to extend much of the work
above, by introducing symmetry to experimental testing as
well as scaling, and varying the geometry to understand how
this alters the pressure and cumulative impulse histories.
2 Experimental procedure
2.1 Test cell layouts
A series of three test arrangements were designed, with verti-
cally positioned cylinders and a varying number of disrupting
elements or baffles along one wall. Test arrangements are
referred to as A1, A2 and A3, which are shown in Fig. 1.
Vertical boundary walls in the test cell are referred to as A,
B and C, as shown in Fig. 1.
Test arrangement 1 (A1) contained no baffles on wall C,
and two vertical cylinders with a height of 814 mm and
a diameter of 114 mm placed with their centres 990 and
1980 mm from wall B and 364 mm from wall A. This pro-
vided abase case for comparisonwith other test arrangements
to identify the effect of baffles on both the wall on which they
are placed (C) and thewall opposite (A).A2 andA3both have
a number of baffles alongwall C,which are spaced at 990mm
intervals along the wall in A2 and 745 mm in A3. The baffles
were fixed in place with lengths of mild steel angle section
and mechanical fasteners, and the cylinders were fastened to
the base of the test cell using lengths of M20 threaded rod.
The walls and cylinders were intended to behave as rigid
bodies.
Fig. 1 Plan view of the three
test arrangements, including
overall dimensions
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2.2 Quarter symmetry testing
Walls A and B in Fig. 1b represent an experimental approxi-
mation of symmetry planes. Symmetry planes are often used
numerically to reduce the size of the models (or increase
resolution within the available resources), but are rarely
implemented in experimental testing of this type. The walls
of the test cell were made of 19 mmmild steel, which for the
charge size used ensures that any deflection of the walls are
negligible. For symmetric shocks (i.e., two shocksmeeting at
a symmetry plane), the interaction of the shocks is analogous
to reflection [13], in this case the reflection of shocks at the
symmetry plane of walls A and B.
To ensure that the initial blast wave travels parallel to the
symmetry planes, half-hemispherical charges were used, as
shown in Fig. 2, with the flat sides of the charge flushwith the
symmetry planes, walls A andB. To allow the charge and det-
onator to be easily assembled, positioned and mounted, the
charge was mounted on a metal hinge and secured once the
charge and detonator assembly was satisfactory. To ensure
that the flat surfaces of the charge were flush with walls A
and B of the test cell, and to protect metal on the face of
the hinge (particularly, the hole through which the detonator
was inserted), a sacrificial standoff packing of layered and
bonded corrugated fibreboard was first attached to the hinge
using adhesive tape.Once the standoff packingwas in place, a
detonator was inserted through the hinge corner and a break-
wire to trigger data acquisition wrapped around it and fixed
Fig. 2 Moulding of charge
in place. An 80 g charge of PE4 (a conventional RDX-based
plastic explosive)wasmoulded using a sintered nylonmould,
shown in Fig. 2a, and placed in position with the detonator
inserted, as indicated by the hole shown in Fig. 2b. Once the
charge and detonator were connected, the charge was fixed
in place and the hinge closed and secured, as shown in Fig. 3.
Shock tube non-electric detonators were used throughout.
Fig. 3 Positioning of charge
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Fig. 4 Data acquisition schematic
Within the test cell, pressures were measured at five loca-
tions in each test. This provided some redundancy in the
measurements in case of sensor failure, with Fig. 1 show-
ing only the position of sensors from which data were used.
With hindsight, a greater number of pressure measurement
locations would have helped to build an improved picture
of the pressure reflection behaviour, but a limited number of
appropriate sensors were available. The locations were also
chosen to ensure that pressure sensors were protected from
detonator fragmentation and fireball heating effects. Kulite
HEM and HKM piezoresistive pressure sensors were used
throughout, which were fitted so that they were flush with the
inner surface of the test cell. Sensors were attached to charge
amplifiers and then via TiePie USB oscilloscopes to a lap-
top, which recorded data in 14-bit resolution at 1.53MHz for
55 ms, with a pre-trigger data capture of 6 ms. Data capture
was triggered using a powered breakwire wrapped around
the detonator. The data acquisition configuration is shown in
Fig. 4. Raw pressure history data were filtered using a ninth-
order low pass Butterworth filter with a normalized cutoff
frequency of 0.02.
3 Pressure and cumulative impulse history
3.1 A1 results
Pressure history and cumulative impulse data for two sensor
locations in arrangement 1 are shown in Figs. 5, 6, with the
pressure history plotted over the first 20 ms and cumulative
impulse plotted over the whole measured time of 55 ms. The
pressure and cumulative impulses shown in Fig. 5a, b are
from the sensor on wall A and represent the pressures on
the symmetry plane. The first thing to note in Fig. 5a is the
presence of a high-frequency signal in the data that begins
at 0.5 ms and continues up until the first shock arrives at
the sensor at 1.6 ms, and is caused by direct transmission
Fig. 5 Data from arrangement 1, location 1
of shock from detonation in the walls of the test cell. This
additional signal is only seen when sensors are mounted on
walls directly in contact with the charge. The first peak at
1.6 ms represents the side-on overpressure and shows good
consistency across all shotswith peak values of 140–150 kPa.
The consistency in the next three pressure peaks is slightly
reduced, with peaks (i.e., shocks) arriving earlier in shot 1
than in others, and someminor discrepancy in peak pressures
between shots. Despite this, Fig. 5b shows that over the first
12 ms, where all the significant shock reflection takes place,
the cumulative impulse is consistent across all three shots.
Cumulative impulse is determined from the integral of pres-
sure over time, so any small differences in pressure history
between shots become more visible in cumulative impulse
plots. Consequently, where cumulative impulse agrees well
between shots, this is a good indication of pressure history
similarity.
Data from the pressure sensor onwall C is shown in Fig. 6.
The first two pulses in Fig. 6a (indicating the arrival of 2
shocks) show good consistency, albeit with a range of peak
pressures for the second pulse between 325 and 380 kPa. The
impulse is therefore consistent over the duration of these first
two pressure pulses, but from 6 ms pressure peaks generated
by shot 1 arrive consistently earlier than from shots 2 or 3.
Cumulative impulses over the full 55 ms monitored showed
excellent consistency for shots 2 and 3, with diverging cumu-
lative impulse for shot 1 from 6 ms onwards.
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Fig. 6 Data from arrangement 1, location 2
3.2 A2 results
Figure 7a, b shows data from A2, with one sensor in the
same place on wall A as in A1, and one placed centrally
on the first baffle. The first two pulses in Fig. 7a correspond
well with those in the same locations in Fig. 5a, with a similar
spread of peak pressures seen in both, but with A1 generally
showing slightly lower measured peak values for the first
pulse. It is known that this first peak is the side-on pressure,
but the similarity between the first and second peaks confirms
that the presence of baffles on wall C does not influence the
pressures experienced at this location over the first 4 ms. The
first reflections from wall C arrive at 5 ms as seen in A1, but
are generally of slightly higher magnitude, with a minimum
peak value in A1 of 90 kPa, versus a minimum in A2 of
130 kPa. Figure 7a shows a pressure pulse at 8.4 ms, which
is not seen in A1, indicating a direct effect from the baffles.
Combinedwith a longer positive overpressure duration in A2
between 10 and 14 ms, this leads to a higher peak cumulative
impulse at 17 ms, as shown in Fig. 7b. It is interesting to note
that despite the different number and duration of pulses in A1
and A2, the shape of the cumulative impulse curve is almost
identical.
Pressures and impulses measured on the face of the baf-
fle in A2 are shown in Fig. 8. A more complex pattern of
Fig. 7 Data from arrangement 2, location 1
shock reflection is indicated in Fig. 8a relative to position
1 in the same test arrangement, largely down to the direc-
tion and proximity of the sensor with respect to wall C.
Based on the time of travel for the shock, the first pressure
pulse at 2 ms is directly incident from the charge, followed
shortly by three pressure pulses, two from wall C and one
from combined reflection from the test cell floor and ceil-
ing. This results in an initial peak in the cumulative impulse
at 4 ms of 300 kPa ms as shown in Fig. 8b, which is 50 %
higher than the impulse over the equivalent period in A1.
There is then a clear negative phase in the pressure history
between 4 and 6.5 ms, which is more significant than the
equivalent negative phase seen in A1, which is thought to
be caused by diffraction effects from the edge of the baffle.
Between 7 and 16 ms there is very transient behaviour, with
a significant number of smaller pressure peaks. The trend
over this period is generally consistent, and although not all
arrival times and magnitudes are the same for each shot, the
cumulative impulse over this period shows good agreement
between shots, with peak cumulative impulse values for all
three shots between 470 and 510 kPa ms at 17 ms.
3.3 A3 results
Pressure time history from wall A in A3, shown in Fig. 9a,
shows similar behaviour to that seen at the same location
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Fig. 8 Data from arrangement 2, location 2
for arrangement A2. The peak pressures (representing shock
1 and shock 2) are slightly lower than that seen in A2, but
show a similar trend, with a 50–100 kPa difference between
the first and second peaks displayed in both A1 and A2. The
third peak occurs at a similar time to that seen in A2, but
the decay is delayed in a similar fashion to that seen at the
same point in A1. The fourth pulse in A3 is also significantly
smaller than the equivalent shock in A2. Despite some clear
differences between pressure histories, the impulse history is
very similar to those in tests A1 and A2, with peak impulses
for both between 370 and 400 kPa ms.
Figure 10a shows the pressure time history from the cen-
tral baffle in A3 and shows a pattern of reflection similar to
that seen at the baffle in A2. The first pressure peak in A3
arrives at 2.5 ms, slightly later than for the same shock in
A2, due to the difference in distance from the charge. The
following three peaks are separated by 0.5 ms, with magni-
tudes similar to A2, except the third shock which is around
100 kPa higher for all three shots.
The pressure between 7 and 16 ms again shows a number
of reflections, but a quasi-static pressure of around 50 kPa
between 7 and 10 ms, along with a period of increased
positive pressure between13 and14ms,means that the cumu-
lative impulse at this location between 7 and 16 ms, shown
in Fig. 10b, is slightly higher than that seen in A2, despite
Fig. 9 Data from arrangement 3, location 1
the sensor location being further away from the point of det-
onation.
It is worthwhile noting here that the pressure sensor data
in Fig. 10a shows exceptional similarity between shots. It is
often noted that there is a large degree of inherent variabil-
ity in tests using high explosives, but experimental curves
such as these demonstrate that careful test preparation and
appropriate measurement tools enable capture of data which
shows minimal variability between repeated tests. Although
magnitudes of peak pressures cannot always easily be cap-
tured, due to their extremely high-frequency behaviour, the
experiments show that the decay behaviour, shock timing
and cumulative impulse can be captured with high levels of
repeatability.
4 Discussion of results
4.1 Comparison with empirical data
The ConWep tool1 is widely used to identify the pertinent
parameters for free air and normally reflected explosions,
1 The ConWep tool (Hyde [14]) is used to perform conventional
weapons effect calculations and includes routines to calculate the free
air blast parameters for bare explosives, such as peak pressure, arrival
time and impulse.
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Fig. 10 Data from arrangement 3, location 2
and when used appropriately is accurate in a large number of
circumstances. Comparisons of empirical data and the exper-
imental data presented here can only be limited because this
is not a simple free air explosion, but can offer insights into
how realistic the assumption of symmetry at a rigid wall is.
As mentioned previously, the pressures measured at wall
A are assumed to be the same as those that would be mea-
sured in free air for a test cell four times the width size, with
a charge four times the size. Accordingly, the parameters
measured for the first shock in location 1 in all arrangements
should correspond to the ConWep side-on overpressure pre-
dicted at 1490 mm (the distance from charge to location 1;
see Fig. 1) with a charge equivalent to 320 g of PE4. For a
PE4:TNT mass equivalence of 1.2, giving a TNT input mass
of 384 g, ConWep predicts results shown alongside parame-
ters representing the experimental data2 in Table 1.
Comparison between experimental data and ConWep
shows good general agreement, but ConWep peak side-on
overpressure is higher than that measured experimentally.
For the highest experimental values, the difference compared
to ConWep is small, but it is significant for the lowest mea-
2 Some experimental parameters, notably the positive phase duration
and cumulative impulse, can only be estimated, as the pressure is above
zero when a second (reflected) shock arrives.
Table 1 ConWep predictions for 320 g PE4 at 1490 mm
Pso (kPa) ta (ms) td (ms) iso (kPa ms)
ConWep 184 1.5 1.5 65.5
Experiment 130–170 1.6 1.4a 50.0b
a Value estimated by extending curve down to meet the time axis
b Value cannot realistically be estimated, so value of cumulative impulse
at arrival of next shock used
sured peak pressure. The calculation of the pressure history
in Table 1 is done by taking the impulse up until the point the
following shock arrives, at which point the pressure has not
reached zero (atmospheric)—in reality, some extra impulse
would be added as the pressure continues to decay to zero,
and as a result the method used to calculate the impulse here
will underpredict the side-on pressure compared to ConWep.
There are a number of reasons for the experimental peak
pressure being lower than the ConWep prediction. First,
despite efforts to ensure the area at the hinge operates as
a symmetry plane, with all energy being directed out into the
test cell, the inevitable destruction of the sacrificial stand-
off packing means some energy is lost in the recess where
the packing existed. Second, skin friction along test cell wall
A will lead to an element of pressure loss, and will also
somewhat slow down the shock, leading to the slightly later
arrival time seen as pressure peaks in the experimental data.
Finally, as the walls are not perfectly rigid, some energy
will inevitably be lost to them due to elastic vibration. It
is thought that in combination, these factors underlie the
difference in peak pressure and hence cumulative impulse.
However, calculation of experimental impulse values here
were complicated by the presence of multiple shocks which
limits straightforward comparison with ConWep data. Com-
parisons canonly bemadewithmeasured side-onor normally
reflected pressure predictions from ConWep, and only up
until the time that the first reflected shocks arrive from other
boundaries. In this work, it was assumed that location 1
measures the side-on overpressure up until a reflected shock
arrived, between 2.5 and 2.8 ms.
4.2 Influence of rigid baffles
The presence of rigid baffles leads to an increase in peak
cumulative impulse on wall A compared to the test case
without baffles, as shown in Fig. 11. The increase primar-
ily takes place between 6 and 12 ms, where an extra shock
and extended region of high pressure after 10 ms are expe-
rienced in test arrangements A2 and A3, compared with A1.
From Fig. 11 it can be seen that although the presence of baf-
fles makes a change to the cumulative impulse, the change in
number and spacing applied makes little difference. An extra
shock is experienced at wall A as a result of reflections from
the baffles, in addition to the reflections from wall C itself.
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Fig. 11 Cumulative impulse history for all nine shots over the three
test arrangements
At the points pressure was measured, there is also little
evidence of significant attenuation of shocks by the presence
of other baffles, either on wall C or wall A. It should be noted
that the pressure peak from a shock seen at ∼7.5 ms in A2
and at ∼8 ms in A3 is different between the two arrange-
ments, with a later arrival and noticeably lower magnitude
in A3. This is likely to be a reflection from the baffle fur-
thest from the charge, and the increased distance between
the charge and baffle 3 in A3 compared to the charge and
baffle 2 in A2 is probably responsible for the later arrival
and lower magnitude. No measurements were taken behind
the baffles, but the high levels of reflected shock experi-
enced on the baffles, coupled with the angle they make with
the incident wave, are likely to reflect shocks back towards
an area that would otherwise have been shielded from the
blast. The combination of reflection angles from different
surfaces can be crucial in determining the peak pressures
as shown by the higher magnitude of shock 3 in A3 com-
pared to A2. However, the effect this has on the cumulative
impulse at a point is generally limited due to the short dura-
tion of the shock. The cumulative impulse in this case is more
dependent on lower magnitude, but longer duration pressure
evolution.
4.3 Quarter symmetry testing
Quarter symmetry tests presented here offer an advantage
both in terms of the size of experimental test facility required,
especially when scaling is applied, and in terms of the
mass of charge required. Had the experiments been car-
ried out using twice the scale and without symmetry, a
charge of 2.56 kg would have been required, as opposed
to the 80 g used here (quarter symmetry gives a factor
of 4, and scaling the radius by 2 gives a factor 2 cubed:
80 g × 4 × 8 = 2.56 kg). The data collected show that
repeatable results can be achieved with this test configu-
ration, with good shot to shot consistency seen in each
test arrangement. Some divergence is seen in cumulative
impulse results, but this is to be expected as the cumu-
lative impulse is sensitive to slight positive or negative
shifts in measured pressures; a shift of just 5 kPa between
two data series over 50 ms will lead to a difference of
250 kPa ms at the end of this period, so the similarity
seen in the cumulative impulse curves, which is generally
within 50 kPa ms at peak cumulative impulse, shows that the
test method is robust. The precise moulding of the charge
and consistent fixed placement offer advantages over hand-
rolled and hanging charges (which can be susceptible to
movement), especially at smaller scaled distances where
differences in the wave shape and standoff may be signif-
icant.
Improvements can be made both at the detonation point
and along wall A (in wall roughness and exact symmetry
of the charge energy distribution), to bring the experimental
measurements more into line with the free air predictions
from ConWep, although reasonable agreement was found
between theConWep side-on overpressures, arrival times and
durations, and specific impulse up to the end of decay of the
first shock wave.
5 Conclusions and further work
Quarter symmetry tests were undertaken, using a test con-
figuration which has not previously been widely reported.
This allows the size and number of resources required to
carry out tests to be significantly reduced. While the results
show that the assumption of symmetry is good, it is recog-
nised that elastic deformation, surface roughness and other
secondary issues mean that the walls do not in reality offer
perfect symmetry, in the way that symmetry can do when
employed in modelling. The test method was shown to be
reliable and produced impressive shot to shot continuity.
Further test work using the same test method is planned,
to investigate the effect of structural deformation on con-
fined blast pressures. Further work investigating the effect
of baffles, their size, spacing and number would benefit
fromadditionalmeasurement locations, to givemore detailed
information about the effect of baffles on shock reflection
phenomena.
Features similar to the baffles used in the tests presented
here have been successfully demonstrated for blast atten-
uation in long structures such as tunnels. However, the
experiments presented here show that when measurements
are made closer to the charge attenuation is not seen. The
peak pressures along the centre of the structure (i.e., the line
of symmetry) are neither reduced nor increased, but the num-
ber of shocks experienced and the peak cumulative impulse
are both increased. At the walls where the baffles are placed,
interaction of multiple reflected shocks leads to both higher
peak pressures and higher peak cumulative impulses com-
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pared with when no baffles are present. The number and
spacing of baffles was shown to have a limited effect on the
pressures measured on the symmetry plane, wall A, of the
test cell.
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